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1.0 ABSTRACT 
Complex man-machine work systems are characterized by 
interactions among simple man-machine work systems. The 
simplest man-machine work • lS station. the work system 
Work stations are characterized by humans interacting with 
equipment to transform certain inputs to desired outputs. 
Work stations interact with one another in complex 
man-machine work systems to transform inputs, which may be 
outputs of preceding work stations, into a desired output. 
Complex man-machine • 1n scope from systems range 
traditional manufacturing facilities to highly automated 
manufacturing flow lines. 
The design and analysis of complex man-machine work 
systems are multiple step processes. Designing the system 
involves analyzing the production task, designing the 
system, and evaluating the final design. Emphasis should 
be placed upon properly utilizing the capabilities of 
humans and machines. 
In order to understand the relationship among complex 
man-machine work system inputs and outputs, the 
relationship of individual work station inputs and outputs 
must be- understood. To simplify the analysis, all 
manufacturing operations are categorized as being manual, 
1 
machine-controlled, semi-automatic, or automatic 
unique operations. Each type of operation has a 
relationship between inputs and o~tputs. Understanding 
these relationships lead to understanding the input/output 
relationship of complex man-machine work systems. 
The proposed computer-controlled work system simulator 
models each category of work station operation and 
utilizes a combination of traditional analysis techniques 
to monitor the behavior and measure the performance of 
complex man-machine work systems. The simulator provides 
a means of measuring both individual work station 
performance and entire system performance. The data are 
processed utilizing a combination of mathematical, 
simulation, and experimental analysis techniques. The 
analysis of the data may be used to relate individual 
' 
man-machine work system performance to the performance of 
' 
the entire complex man-machine work system. 
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2.0 BACKGROUND 
Over the years, men have attempted to bring order to the 
workplace hoping to standardize and quantify its behavior. 
Several concepts have been developed and utilized in 
attempts to organize the workplace. One concept which has 
played an important part has been that of the system. 
2.1 Man-Machine Systems 
The system concept, as applied to environments involving 
interaction between humans and machines, has been defined 
as the man-machine system. The man-machine system concept 
became popular during the 1950's as a means of analyzing 
human interaction with complex machines. Vii th the 
introduction of computer technology, complex applications 
developed most notice~bly in airplanes and spacecraft. 
Complex systems are not limited to. only those applications 
involving computers. In fact, man-machine systems can be 
totally manual, partially automatic, or highly automated. 
Because this concept describes a large variety of 
situations, an exact definition of man-machine systems 
must be defined. 
3 
Three definitions follow which help to define, more 
specifically, the man-machine system. Corkindale defines 
a man-machine system as "any organized group of activities 
involving men and machines directed towards the solution 
of a given problem or set of problems and operating within 
the constraints of a given environm.ent."1 
The definition suggested by Corkindale points out that a 
man-machine system requires the attainment of a solution 
and must work within certain constraints 
environment in which the system operates. 
imposed by the 
Paul Fitts defines a man-machine system as "an assemblage 
of elements that are engaged in the accomplishment of some 
couaoon purposes and are tied together by a c onnnon 
information flow network, the output of the system being a 
function not only of the characteristics of the elements 
but of their interactions or inter-relations."2 
Fitts points out the importance of a· purpose, the sharing 
of information, and the fact that outputs are a function 
of the system components. 
1 K. G. Corkindale, "Man-Machine Allocation i'n 
Military Systems", Ergonometrics 2(10)1967:161. 
2 D. Meister and G. F. Rabideau, Human Factors 
Evaluation in Systems Development, Wiley: New York, 
196S, p. 21. 
4 
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McCormick defines a man-machine system as "a combination 
of one or more physical components interacting to bring 
about, from givfn inputs, some desired output."1 
The concise definition offered by McCormick points out the 
basic • pr em1 s e of all systems, that being the presence of 
inputs in~eracting to produce outputs. 
Concisely, the purpose of the man-machine system concept 
is to standardize inputs and goal-directed operating 
functions in order to obtain standardized outputs. Once 
standardization • 1 S achieved experimentation can be 
performed wherein standard variables are measured in order 
to relate system inputs and outputs. 
2.1.1 Types Of Man-machine Systems 
The number of specific examples of man-machine systems 
'l' 
• 1 S 
. 
nearly endless. Several references [1,2,3,4,5] describe 
research carried out during the 19SO's in the area of 
airplane and spacecraft related systems. Much of this 
research attempted to study the new human interfaces 
created as a result of computer applications. 
1 E. J. McCormick and M. S. Sanders, Human Factors 
in Engineering an4 Design, McGraw-Hill: New York, 
1982, p. 9. 
5 
J. C. Jones strayed from the standard practice of using 
specific examples to define man-machine systems and 
instead attempted to categorize types of man-machine 
systems [ 3 1 . Jones classified 11 systems of which four 
fall into the category of man-machine systems. The system 
types named by Jones are: Manual Systems, Mechanized 
Systems, Mechanical Sub-systems, and, Automatic Systems. 
Although the definitions and classifications offered by 
Corkindale, Fitts, Jones and McCormick are useful, they do 
not provide the degree of detail necessary to categorize 
man-machine systems for the purpose of experimentation. 
2.1.1.1 Man-machine Work Systems 
Man-machine systems refer to any system involving human 
interaction with a machine. No regard is given for the 
environment in which the system operates. 
distinguish among man-machine systems 
Therefore, to 
in manufacturing 
• 
environments and man-machine systems 1n other 
environments, systems in manufacturing environments are 
referred to as man-machine work systems. 
Man-machine work systems are generally characterized by 
inputs and outputs which include: 
6 
1. inputs: 
raw materials 
- equipment 
tooling and fixturing 
energy, power 
labor 
2. outputs: 
completed workpieces 
scrap and by-products 
Of primary interest in man-machine work systems are the 
inputs and outputs. There is no distinction made among 
processing types. Therefore, mechanized systems and 
automated systems are treated identically. 
Work stations are man-machine work systems consisting of 
inputs, outputs, and a single processor. The work station 
is the most basic man-machine work system and as any work 
system can contain any degree of automatic control. 
7 
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2.2 Complex Man-Machine 'Work Systems 
Complex man-machine work systems are characterized as 
interactions among man-machine work systems. 
complex man-machine work systems are composed of work 
stations which are themselves complete man-machine work 
systems. Work stations must interact with one another 
utilizing a material handling device which delivers single 
workpieces to the next work station. The material 
handling constraint is necessary to assure that one work 
station's output is the next work station's input. 
Several authors have defined similar systems which contain 
elements characteristic of complex 
systems [6,7,8,9]. 
man-machine work 
An industrial transfer line is defined by Hanifin, Liberty 
and Taraman as "a n~ber of machining stations, 
• • 1n series, 
integrated into one system by a con1non transfer mechanism 
and a c onnnon cont r o 1 system". 1 
Seemingly, this type of system must be included in complex 
man-machine work systems but only as one example. 
1 L. E. Hanifin, S. G. Liberty and K. Taraman, 
"Improve Trangfer Line Efficiency Utilizing Systems 
Simulation", Technical Paper :MR7S-169, Society of 
Manufacturing Engineers, p. 2. 
8 
A discussion by Groover [10] on computer integrated 
manufacturing systems includes separate machine tools, 
part transfer devices, computer systems, and hum.an 
operators as components of an integrated production 
system. Groover goes on to discuss computer integrated 
manufacturing systems as briaging the gap between highly 
automated transfer line and non-automated job shops. This 
discussion provides all the necessary elements of a 
complex man-machine system and can be treated as a good 
definition of such systems. 
2.2.1 Types Of Complex Man-machine Work Systems 
Industry has accepted four categories of complex 
man-machine ·work systems. Each system type fulfills the 
requirements for different levels of production, namely: 
flexible manufacturing workcell 
flexible manufacturing system 
flexible manufacturing line 
f 1 ow .1 i ne 
When discussed in terms of advancing technology, the four 
categories of complex man-machine work systems are 
described as being completely automatic. This idea 
• 1 S 
9 
theoretically desirable but is normally not practical. 
Often, in the development of complex systems, there exist 
operations that, for reasons of economy, design or 
quality, are difficult to perform automatically. In these 
situations, which are cou•oon, an operator attended work 
station is inserted into the system. Thus it is se~~that 
complex man-machine work systems do not imply 
automaticity. 
When we look at types of complex man-machine work systems, 
they can be ranked in order of flexibility and increasing 
product demand. 
The principal reasons for implementing complex man-machine 
work systems are to increase productivity and lower cost. 
In addition to these two reasons, there are several 
benefits to implementing complex man-machine work systems . 
. 
Eight potential benefits of implementing complex 
man-machine work systems are: 
increased productivity 
lowered labor cost 
- avoidance of labor shortages 
10 
improved worker safety 
reduced raw material cost 
improved product quality 
reduced manufacturing lead time 
'reduced in-process inventory 
r, 
As with any manufacturing system, many products can be 
produced on the same complex man-machine work systems. 
Three primary factors influencing the decision to advance 
the state of a complex man-machine work systems are the 
expected life of the product, the design of the product, 
and the required quantity of product. 
2.3 Role Of Men And Machines In Work Systems 
Differences in system complexity are dependent upon the 
division of functions among men and machines. McCormick 
[4] and Sheriden [11] identify the following four 
categories of functions shared by men and machines: 
11 
Information receiving (sensing) 
Information storage 
- Decision making 
Control functions 
Confusion may result from categorizing complex man-machine 
work systems by these four functions. The problem is that 
the categories describe man-machine systems on a 
functional level. Often, when there is a task to be 
performed a mechanical device is selected to be used 
• 1n 
completing the task. The type of device selected for the 
job is dependent upon the type of control required. For 
example, when turning a nut using a wrench, a human 
operator is in control. On the other hand, when turning a 
nut with an automatic nut driver, the control is with a 
machine, namely the nut driver. What should become 
apparent is that the first decision to be made is not what 
type of nut driver to use, rather what type of control is 
necessary to satisfy the task. 
Prior to assigning tasks it is essential to realize that 
the performance of men and machines must be characterized 
in a consistent manner. That is, both must be considered 
as system components and evaluated • using equivalent 
12 
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parameters. Also, the functions of men and machines are 
not independent. Those functions not performed by one 
must be assigned to the other. 
Early attempts to allocate tasks to man and machines 
followed the path of Fitts, who in 1951 began a list of 
qualities characteristic of man and of machines. Later it 
was decided that this "Fitts List" approach was not 
effective due to advances in the state of the art [1]. As 
the state of the art progressed the categories defined by 
Fitts began to overlap. It is obvious today that some 
tasks originally performed by humans are now performed by 
machines. 
2.3.1 Role Of Men 
Human behavior is tel.eological. That • 1 S , behavior which 
is modified during its course in order to to a.ttain a 
specific goal [12]. The result of our teleological nature 
is the ability to adapt to undefined situations. Such 
behavior allows humans to perform well in decision making 
and control functions of complex man-machine work systems . 
Groover [7] outlines typical tasks associated with humans, 
the list includes but is not limited to: 
13 
- loading and unloading 
tool changing 
tool setting 
pro gr an1ni ng 
monitoring and adjusting 
managing 
maintaining and servicing 
2.3.2 Role Of Machines 
The role of machines is best divided into two parts; the 
role of computers and the role of mechanical devices. The 
distinction between devices is useful because of the 
widely varied roles played by each. 
2.3.3 Role Of Computers 
The functions assigned to computers are mainly in the 
areas of information receiving, information storage, and 
control. Typical tasks outlined by Groover [10] are: 
14 
- machine control 
production control 
- traffic control 
- monitoring 
tool control 
reporting 
2.3.4 Role Of Mechanical Devices 
Mechanical devices most often perform well defined 
repetitive tasks. Storing and receiving information for 
controlling mechanical devices are accomplished by human 
operators or cams and gears as opposed to electronic 
memory circuits. Using mechanical devices in complex 
' 
systems allows man to apply his best attributes of 
adaptability to mon.itor and control equipment. The 
complexity of the machine is related to the division of 
functions among men and machines. A machine that requires 
little human monitoring and control must be more complex 
than one that requires a lot of human interaction. 
15 
2.4 Design Of Complex Man-Machine Work Systems 
I t • 1 S important that all factors affecting system 
operation are accounted for in the design stage of the 
system. In order to consider all relevant design factors, 
a standard system design algorithm is developed from the 
works of Corkindale [1] and Eversheim and Herrmann [13]. 
The algorithm contains the following steps: 
analyze the production task 
select a suitable structure 
- design the work station 
layout the material flow system 
- design the organizational control 
determine the placement of buffers 
evaluate the complete system 
Traditional Industrial Engineering techniques are "used to 
aid with the design of manufacturing systems [14, 15]. 
16 
2.4.1 Analyze Production Task 
The analysis of production is the first and most important 
step in the design of complex systems. It is at this 
point that the requirements for the entire system are 
developed. Analyzing the task involves; analyzing 
organizational requirements, analyzing workpiece design, 
considering manufacturing requirements, and defining 
inputs, outputs, and environments. Niebel ·discusses a 
similar procedure as operation analysis.I 
Analyzing organizational requirements involves determining 
the number of different workpieces to be processed through 
the system, production demands, average lot sizes, process 
plan alternatives, etc. Organizational requirements set 
the ultimate performance goals for the system. 
An analysis of the workpiece(s) is essential in order to 
' 
• gain • maximum utilization of manufacturing time and 
materials. The workpiece design should be analyzed with 
reference to its functionality. Questions should be asked 
about its geometry, tolerances, 
material type. 
specifications, 
1 B. VI. Niebel, Motion and 
Irwin: Homewood, Illinois. 
17 
Time Study, Richard 
1982, p. 42. 
and 
D. 
In cases where the system is being designed for more than 
one type of workpiece, an analysis as to whether or not 
they belong in the same system is essential. 
After analyzing the workpiece(s) for functionality, it 
must be analyzed to improve its ability to be 
manufactured. Questions should be raised in the same 
areas as those discussed for functionality. In addition, 
questions about tooling, fixturing, and material handling 
must be addressed. 
Standardization of tooling and work material is beneficial 
to economic manufacture of workpieces. This is especially 
true when more than one type of workpiece is being 
produced on the same system. 
Inputs and outputs of the system are dependent upon the 
outcome of the previous analysis. In general, they are 
the same as those discussed for ~an-machine syst-ems but 
now must satisfy many work stations instead of only one. 
The systems environment must be defined according to the 
required materials, processes, and human labor. A 
detailed specification of the envir001ment will include 
such areas as heating, lighting, humidity, and 
cleanliness. 
18 
2.4.2 Select Suitable Structure 
Once the production task • 1 S completely analyzed, a 
suitable system on which to accomplish the task must be 
selected from the four accepted types of complex 
man-machine work systems discussed in the • previous 
section. Selecting an accepted system type allows for 
easy application of analysis techniques. 
2.4.3 Design 'Work Station 
After defining the production task and system type, the 
task is diirided into smaller tasks and assigned to work 
stations. 'Work stations must be complete systems having 
outputs which are inputs to the next work station. The 
amount of work assigned to each station is dependent upon 
the' type of system, the distribution of tasks to men and 
machines, the balance between work stations within the 
. 
system, and the production demands placed upon the system. 
The type of system being designed has a bearing on the 
type of work station designed. For example, a high volume 
inflexible flow line will have work stations that differ 
from those in a medium volume flexible manufacturing 
system. 
19 
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The work station level is where the assignment of 
functions among men and machines is critical. If more 
functions are assigned to machines, the tools in the work 
station will be more complex to account for the lack of 
human adaptability. 'Work stations with human operators 
must be designed ergonometrically in order to limit 
fatigue and maximize the utilization of human labor. 
Balancing work among work stations is difficult in complex 
systems. Balanced systems assure efficient operation with 
little • in-process inventory . Unbalanced systems 
experience problems with ineffective system resources and 
ultimately poor production planning. 
The material handling device links work stations providing 
workpiece transportation and, if necessary, orientation. 
Work stations and material handling devices must be laid 
out • 1n a way that • • • m1n1m1 z~ s transportation time and 
distance. 
The type of material handling device utilized in a system 
depends upon the type of work station being addressed. 
Highly automated work stations often require the material 
handling divice to orient and place a workpiece very 
accurately. This type of material handliag device must be 
more sophisticated than a device used at a more manually 
cont r o 11 e d work. station. 
20 
2.4.4 Design Organizational Control 
Organizational control involves coordinating the actions 
of the entire system. Scheduling, planning, 
coo•ounicating, monitoring, and reporting are all functions 
that must be designed into the system. Organizational 
functions can be assigned to men, machines or a 
combina-tion of these two. 
2.4.5 Determine Buffer Placement 
Buzacott and others [9,8,18,19] discuss how system 
efficiency can be improved by installing areas of 
in-process inventory around work stations. These storage 
areas are referred to as buffers. Buffer placement is 
determined based upon the frequency and duration of work 
station downtime. Because of the one to one 
correspondence between work stations in a complex system, 
breakdowns affect the performance of the entire system. 
Placing buffers around a work station will allow the rest 
of the system to operate while the station is down. 
21 
In-process inventory costs may rise as a result of adding 
buffers. The possibility of increased inventory must be 
taken into account when analyzing the economical aspect of 
buffer placement. The analysis section that follows 
presents methods of determining the effective placement of 
buffers. 
2.4.6 Evaluate Complete System 
Prior to final approval, the entire system must be 
evaluated to assure it will meet the desired production 
task. Final evaluation entails reconsideration of the 
design as well as application of various analysis 
techniques to be discussed in the following section. 
2.5 Analysis Of Complex Man-Machine 'Work Systems 
The topic of accurately analyzing ~omplex man-machine work 
systems has been constantly changing since the inception 
of the system concept. Many methods of analysis assume 
totally automatic or totally manual systems with 
synchronous movement. These systems offer a certain ease 
of analysis as they are simplified versions of real 
systems and consist of similar work stations with similar 
problems. Unfortunately, the results of such analysis do 
not reliably portray actual system behavior. In fact, 
22 
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\ 
when the methods are extended to asynchronous partially 
automatic systems, the results are even less reliable. In 
an attempt to standardize a procedure for analyzing 
complex man-machine work systems, the following algorithm 
has been developed: 
Identify system type 
Formulate assumptions 
Analyze work station 
Analyze material handling devices 
Analyze complete system 
2.5.1 Identify System Type 
Before initiating the analysis the type of system and work 
station must be defined. Identification of the complete 
system should fit into one of the four accepted categories 
mentioned above. A problem with identification is the 
lack of standard categories into which work stations are 
,P 1 aced. 
' 
/ 
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2.S.2 Analyze W'ork Station 
W'ork station analysis is critic~! to all methods of 
analysis. The interaction of work stations is the basis 
for the overall behavior of the system. 
The type of work station designates the method of 
analysis. For example, work stations with human operators 
will be analyzed differently from those without human 
operators. Classical Industrial Engineering concepts 
outline methods of analyzing work stations with human 
operators. 
Parameters used to measure work station behavior include: 
- cycle time - the time required to process a workpiece 
at the work station 
down time - the amount of time that the work station 
is inoperable 
2.5.3 Analyze Material Handling Devices 
Of primary concern with material handling • 1 S the time 
required to travel from one station to the next. 
24 
Parameters used to measure material handling behavior 
include: 
travel time - the time required to travel from one 
work station to the next 
travel distance - the distance between work stations 
2.5.3.1 Buffer Analysis 
As discussed previously, the placement of buffer storage 
areas within a complex man-machine work systems can have 
an important influence on the behavior of the line. 
Buzzacott [9] and others [18,19] address this problem 
mathematically. 
2.5.4 Analyze Complete System 
An analysis of the entire system is merely an analysis of 
the interaction among work stations, material handling 
devices, and buffer storage areas. 
Parameters used to measure improvement added by the 
installation of buffers include: 
25 
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. ·., 
production rate - the rate at which workpieces are 
being processed 
system efficiency - the efficiency of the system as a 
relationship of uptime to downtime 
total cost - the total cost of operating the system 
per complete part 
yield - the relationship between the number of good 
parts produced and the total number of parts produced 
2.6 Methods Of Analysis 
There exist several methods 
man-machine work systems. 
for analyzing complex 
Selecting the proper method 
depends upon the information available, the information 
sought and the type of system being analyzed. At present, 
the three most popular methods of analysis are 
mathematical, simulation, and experimental analysis. 
Because of the complexity of the systems, there • 1 S 
normally a lack of information available to account for 
the many variables present in the system. In order to 
account for this lack of information, assumptions are made 
to simplify the analysis. Depending upon the situation 
some assumptions are valid and others are not. The 
26 
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validity of assumptions 
many authors. 
• 1s an area of controversy among 
2.6.1 Mathematical 
Mathematical analysis of complex man-machine work systems 
presents a quick method for calculating critical system 
parameters such as efficiency, production rate, yield, and 
optimal buffer 
helpful for 
conceptualizing 
• size [9,18,19]. Mathematical models are 
both analyzing 
proposed 
existing 
systems. 
systems and 
Inaccuracies 
characteristic of mathematical methods arise due to 
inappropriate 
information. 
a s s ump t i on s and the lack of accurate 
A disadvantage to mathematical analysis is that the 
methods used apply advanced operations research techniques 
which are difficult for lay people .to understand. Another 
disadvantage is that mathematical analysis is accurate 
only for simple systems. ·As system complexity • increases, 
mathemati.cal complexity becomes extreme, and the accuracy 
of the analysis decreases. 
27 
2.6.2 Simulation 
Analysis by simulation • 1 S a method requiring the 
dev,,lopment of a computer simulation model. The model 
simulates real world behavior and collects results based 
on that behavior. Several software packages are available 
for easy development of simulation models. Although there 
are many packages available, there is a lack of published 
information describing their appropriateness . to 
applications. 
real 
Simulations are performed on the basis that work stations 
behave according to probabilistic distributions. If the 
probability distributions can be determined from available 
information, an accurate model of the work station can be 
formulated. Once a model is developed, several simulated 
real time runs can be executed in a small amount of 
computer time. The results are a c c umu 1 a t e. d and 
manipulated to yield final results based on many simulated 
runs. System attributes can easily be altered to • examine 
the effect on system performance. 
28 
2.6.3 Experimental 
Experimental methods of analysis involve direct 
me a s u r eme n t of the performance of existing systems. 
Although these methods produce accurate results for the 
system, they are not often practiced in detail because of 
the large expenditures of time and money required for 
accurate results. The largest disadvantage to 
experimental measurement is that the results are specific 
t o the sys t em. In order to change any parameters the 
entire system must be altered. Because the system used 
for measurement is also producing parts, a change in the 
system can produce disastrous results to production. 
There seems to exist an area left unexplored in the 
analysis of complex man-machine work systems. Judging 
from the literature, the major contributor to inaccurate 
results is the lack of accurate data. It is observed that 
the most accurate data are collected by • measuring the 
performance of actual systems. Also, computer modeling is 
. 
shown to be a quick way to model systems and requires 
assumptions for only those parameters that can supply no 
data. Computer simulation is also very versatile. 
Therefore it seems that the best results can be obtained 
by combining the accuracy of experimental data with the 
versatility of simulation. The development of a simulator 
29 
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comprised of real work stations linked by computer control 
and sensors will be explored as a tool for analysis. 
30 
2.0 OBJECTIVE 
The objective of the study • 1 S to investigate the 
characteristics of complex man-machine work systems. The 
investigation will lead to the development of a 
multi-station real time simulator capable of simulating 
$ 
such systems. Each simulator station represents an actual 
work station within the complex system which requires 
human operators in order to function. Coordinating the 
stations under computer control will allow experimental 
evaluation of system behavior. 
31 
3.0 WDEL DEVELOPMENT 
Problems with the design and analysis of complex 
man-machine work systems arise because of the lack of 
standardization of system components. In order to bring 
order to design and analysis, order must first be brought 
to the components. This premise provides the basis for 
the development of a model to characterize complex 
man-machine work systems. 
An overview of complex man-machine work systems shows that 
by definition a mechanical material handling device links 
together work stations. Aside from the material handling 
device, components of complex man-machine work systems 
vary widely. Looking at the entire gamut of systems, it 
can be seen that there are definite levels of work station 
complexity. 
3.1 Conceptual Framework 
For purpose of experimentation, all work stations must be 
categorized. The criterion used to differentiate between 
different degrees of work station complexity is the amount 
o f ma ch i n e c on t r o 1 r e q u i r. e d i n t he ope r a t i on o f the wo r k 
station. Observing many different systems has led to the 
division of all work stations into four categories which 
are as follows: 
32 
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manual operations, 
machine controlled operations, 
semi-automatic operations, 
automatic operations. 
3.1.1 Manual Operations 
Manual operations are characterized by the presence of a 
human operator possibly equipped with a non-powered tool. 
The operation is one where the operator performs the 
entire task without the aid of powered equipment. Tools 
used in manual operations can only amplify human strength 
through traditional mechanical leverage. Manual 
o p e r a t i on s do no t i n v o 1 v e t he u s e o f p owe r e q u i pme n .t . 
A 
c:-~--
me tho d description completely describes a manual 
operation • The method description describes, in detail, 
1. 
the duties of the operator and the procedure to be used in 
\ 
order to accomplish those duties. Standardization of 
tasks, using method descriptions, allows performance times 
to be measured or calculated for the specified method. 
Performance timeB for manual operations vary due to 
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natural variations in human performance capability. Other 
than this, variations in performance times are accounted 
for by assigning performance ratings and allowances to the 
standard time. The allowances ought to account for all 
legitimate time variations in accomplishing the task, 
brought about by certain conditions surrounding the job. 
Also standardized in the method description 
• 1 S the 
workplace layout. The workplace layout specifies from 
where the workpiece arrives, where the workpiece departs, 
where the workpiece is fixed, and where all supplies and 
tools are located. The layout of the station has an 
influence on the performance time for manual operations. 
3.1.2 Machine Controlled Operations 
Machine controlled operations are those requiring human 
guidance of powered tools or machinery. Although the 
operation may require manual set up of the workpiece, the 
actual work is done by a machine that requires an operator 
and cannot perform alone. The pace of a machine 
controlled operation can be limited by either the skill of 
the operator or the capability of the machine. Machine 
controlled operations can be as simple as running nuts 
with a power nut driver or as complex as welding the seam 
of a girder. The performance time for machine controlled 
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operations can be broken into two distinct parts; 
performance time and machine control time. 
manual 
Manual performance time accounts for the possible manual 
set up time associated with the operation. The machine 
control time is the time associated with actually 
operating the equipment. 
3.1.3 Semi-automatic Operations 
Semi-automatic operations are those that require an 
operator to initialize, monitor, and change parameters of 
the operation but the work done on the workpiece • 1 S 
performed automatically by the machine. The degree of 
operator intervention varies but manual set up may be 
required. Semi-automatic operations often require a 
d e g r e e o f p r o g r a Ix II x ia b i 1 i t y . Le v e 1 s o f ma c h i n e i n t e 11 i g e n c e 
also vary. S e 1 f mo n i t o r i n g . o f t o o 1 we a r , i n s p e c t i o n 
probes, and torque monitoring are examples of 
intelligence. 
such 
The performance time of semi-automatic operations can be 
broken into two parts; manual and machine control times. 
Manual times represent those elements where the operator 
is setting up the machine and the machine is doing no 
useful work. Machine control time occurs when the machine 
is in control in either an active or inactive mode. 
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3.1.4 Automatic Operations 
Automatic operations are those 
intervention for maintenance and 
that require human 
part supply functions 
only. The entire automatic operation is controlled by the 
machine including load/unload activities. Typically, 
automatic operations are divided into two categories 
depending on the level of machine intelligence. The two 
categories are: 
manual monitoring 
self monitoring 
Monitoring refers to the machine's ability to inspect its 
own performance. Manual monitoring represents a 
relatively low level of machine intelligence. An operator 
is required to periodically inspect the performance of the 
machine. If errors are detected, the operator takes 
corrective action. Self monitoring represents a higher 
level of machine intelligence. Self monitoring machines 
inspect their own performance; when an error is detected 
the machine either initiates corrective action or notifies 
an operator of the error. Self monitoring machines also 
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monitor feeder devices and notify the operator of low 
stock levels and other critical occurrences. 
3.2 Concept Of Evolutionary Progression 
Traditional manufacturing systems consist of combinations 
of complex man-machine work systems. Improving the 
performance of manufacturing systems often • requires 
introducing direct automatic control and removing direct 
manual control from work stations making up the system. 
Although there does not appear to be a standard 
methodology for introducing automatic control, there seems 
to be a gradual progression, or evolution, from manually 
controlled work stations to automatically controlled work 
stations. The evolutionary progression begins with 
disjointed manual work stations and progresses to fully 
automatic, integrated work stations. Progressing from 
. 
manual control to automatic control may involve passing 
through an almost infinite number of interim situations of 
partially automatic, partially manual control. In order 
to understand the • progression, the requirements for 
evolution must be identified. 
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3.2.1 Requirements For Evolution 
In order for a system to evolve completely from purely 
manual to purely automated several factors must be 
present. The most obvious factor is that demand for 
products produced on the system must be large enough to 
warrant large capital expenditures on new systems. Once 
new systems become economically feasible, there must be 
changes made to both product and machine design. 
Product and machine design go hand in hand because as more 
machine control exists less flexibility exists in the 
system. Features such as automatic locators must be 
designed into the workpiece. For assembly operations, 
automatic feeder mechanisms must be developed. Feeder 
development usually requires new features to be designed 
into the pieces being assembled. 
Machines must also be either replaced or redesigned to 
a cc 00100 date 1 es s operator interact ion. Machines re qui re 
automatic fixturing devices, automatic feeders in the case 
of assembly operations. Decisions must be made as to 
whether or not to automate inspection processes. 
Ultimately, in totally automated systems, the inspection 
task will be performed by a machine. 
38 
As a rule, when more machine control is added to a system 
there is less of a margin for error in the location and 
orientation of workpieces. The lack of flexibility must 
be corrected in the design of both the workpiece and the 
machinery. 
3.2.2 Consequences Of Evolution 
There are several consequences to the evolution from 
manual to automatic work systems. Major consequences 
occur as a result of changing roles of humans in complex 
man-machine work systems. 
Economically, as the amount of machine control 
• increases 
costs are redistributed. Less money is required for 
direct labor cost and more is required for fixed costs. 
3.3 Interaction Among Elements 
3.3.1 Flow Lines 
Once having distinguished among different operations, it 
i s po s s i b 1 e t o en v i s i on a f 1 ow 1 i n e a s a· f 1 ow f r om one 
type of operation to another. In order for a flow line to 
exist it is necessary to connect work stations with a 
material handling device. The material handling device 
must deliver workpieces one at a time to the work station. 
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At times it is desirable to separate work stations with 
enough empty space to serve as an area of in-process 
inventory storage. These areas will be referred to as 
buffer storage or buffers. Flow line efficiency can be 
influenced by the size and placement of buffer storage 
areas. 
3.4 Characteristic Variables 
Each type of operation has one or more of the following 
characteristic times associated with it: 
Transfer Time 
Load Time 
Unload Time 
- Operation Time 
Idle Time 
Machine Down 11 ime 
Buffer Time 
Starve Time 
Block Time. 
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3.4.1 Transfer Time 
Transfer time is the time required for a workpiece to 
travel from one work station to the next. The beginning 
of transfer time is when the workpiece is finished being 
operated on and is unloaded from the first work station. 
Transfer time ends when the workpiece begins to be set up 
at the next work station. In cases where a buffer exists 
between work stations, transfer time is the theoretical 
time necessary to travel from one work station to the 
next, neglecting any accumulated buffer time. 
3.4.2 Load Time 
Load time is measured as the time from when the part 
enters the work station until the part is set up and ready 
to be operated on. In synchronous flow situations the 
load time is dependent on the machine or operator. 
3.4.3 Unload Time 
The unload time is the time required to remove the 
workpiece from its setup and transport it out of the work 
station. In synchronous situations the time is paced by 
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the line. In asynchronous situation
s the time 
• 18 
dependent on the machine or operator. 
3.4.4 Operation Time 
Operation time is the productive time associated with t
he 
task performed at each work station. Productive time c
an 
be measured as either human work time or machine work tim
e 
or a combination of the two, depending upon the type 
of 
operation. 
The operation time associated with manual operatio
ns 
consists of entirely human work times. 
At manual 
operation stations the operation time can be broken in
to 
finer elements. As was discussed previo
usly, a manual 
operation can be described with a method description. T
he 
method description describes several small tasks wh
ich 
combine to complete the necessary job at the work station. 
Each of these small tasks has associated with it 
an 
elemental time. These times, when added, equal the tot
al 
operation time. 
Operation times at manual work station are not consta
nt. 
Due to problems with operator capability, work materia
ls, 
etc., the associated operation times will vary. 
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The operation time associated with machine controlled 
operations is a combination of both human and machine 
elements. Human elements are broken down as discussed 
above. The machine element of the operation time is not 
as pure as with semi-automatic operations because of the 
human control involved. 
Semi-automatic operations also contain both human and 
machine elements in their operation times. Again, the 
human element is handled as above. The machine element of 
operation time is more predictable. Normally, once the 
machine is started by the operator it continues until its 
cycle is complete. Because the machine operates unaided, 
the machine element is consistent. 
Automatic operations contain only machine elements • 1n 
their operation time. Once again, because the machine 
operates unaided, the operation time is consistent and 
predictable. 
3.4.5 Idle Time 
Idle time is the non-productive time encountered • 1n an 
operation. Idle time can be built into an operation but 
it often occurs as a response to an unfamiliar situation. 
As with operation time, idle time can be divided into both 
human and machine elements. 
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3.4.6 Machine Down Time 
Machine down time is the length of time that a machine • 1 S 
down due to either mechanical failure or scheduled 
maintenance. 
3.4.7 Buffer Time 
Buffer time is the time that a workpiece spends waiting in 
a buffer between work stations. If the workpiece passes 
directly through the buffer, no buffer time • 1 S 
a c c umu 1 a t e d . Buffer time accumulates when the workpiece 
begins to wait in the buffer and ends when it is removed 
from the buffer. 
3.4.8 Starve Time 
Starve time is the amount of time that a work station • 1 S 
down because there are no workpieces available to be 
loaded. 
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3.4.9 Block Time 
Block time is the amount of time that a machine is down 
because there is no place to unload the workpiece. 
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4.0 SIMULATOR DEVELOPMENT 
A multi-station simulator is designed to simulate the 
behavior of complex man-machine work systems. \Vhereas the 
model developed previously 
man-machine work systems, 
simulate 
situations. 
synchronous and 
categorizes all complex 
the simulator is designed to 
asynchronous flow line 
The flow line simulator consists of four physical work 
stations, one simulated work station and a control 
computer. Each work station represents a different degree 
of machine control. This computer-controlled simulator 
operates in real time using inputs from each work station 
to coordinate simulated workpiece movement through the 
system. 
Each of the work stations contains stimuli such as 
switches and indicator lights connected to the control 
computer digital input/output ports. The computer 
controls the indicator lights which symbolize parts 
entering and leaving the work station. The station 
operator begins performing an operation each time the 
indicator light turns on. In general, each operation 
• requires that the operator set a series of switches • 1n a 
predefined sequence. The control computer senses the 
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opening and closing of the switches and measures the time 
it takes the operator to perform the operation. Once the 
operation is complete, the control computer simulates part 
movement by turning out the indicator light at one station 
and turning on the indicator light at another station. 
The simulator is designed to fulfill the 
requirements: 
1. W'ork station design requirements 
following 
- ergonometrically designed work stations which are 
similar in appearence 
at least one work station for each degree of 
machine control 
portable work stations expandable for future 
related experimentation 
stimulus for the operator to begin the operation 
indicators for the number of work pieces in buffer 
storage 
a means for the operator to perform the operation 
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2. Computer hardware requirements 
16 digital 1/0 ports per work station 
2 analog/digital ports per work station 
2 di,$ital/analog ports per work station 
10 Megabyte hard disk storage 
data input through floppy disk drive 
capability to capture real time events accurately 
to 0.1 seconds while performing mathematical 
calculations. 
capability to print reports 
3. Software requirements 
I 
- simulation of synchronous and asynchronous flow 
line situations 
- independent work ~tation operation 
rearrangement of work stations with respect to one 
another 
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for system 
- friendly operator interface 
initialization and interaction 
well documented coded modules for easy maintenance 
and expandability 
statistical data reduction and logging of results 
for the period of the experiment 
decomposition of experimental results into report 
format 
4. Approximate computer memory requirements 
-
128 KB ROM 
256 KB RAM 
4.1 Assumptions 
In order to create an accurate simulation, 
assumptions have to be made: 
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the following 
Infinite supply of workpieces before the first station 
Infinite sink for completed workpieces after last 
station 
The inspection process yields no defective workpieces 
Operators are present whenever a workpiece enters 
their station 
Manual stations do not break down 
Part supply bins/feeders do not empty during a 
production run 
Workpieces are automatically loaded and unloaded 
No breakdowns occur during loading or unloading 
4.2 Work Station Design 
Each work station • 1 S s imi 1 a r • 1n appearence and 
ergonometrically designed according to McCormick [4]. 
Figure one shows the standard work station shell that • 1 S 
used for all stations. Ergonometric features of the work 
stat i o_ns 
placement, 
include proper switch and indicator light 
angled desk tops and panel faces and 
contrasting colors between the operator's controls and the 
background. 
so 
, 
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Figure One - The Standard 'Work Station 
\Vb.en the desk top is located 26-30 inches above floor 
level for seated operators or 35-39 inches above floor 
level for standing operators all controls are located • 1n 
. 
the average person's normal work area. Similarly, 
indicator lights are located in the average person's 
normal sight range. Because of the wide variety of people 
possibly using the simulator, cooTI1on human factors design 
practices are employed to allow 95 percent of all people 
to use the work stations comfortably. 
Indicator lights are located on each work station within 
the operator's normal viewing area. A series of five red 
indicator lights are located in the upper left area of 
each work station. These red lights indicate the number 
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of workpieces waiting in the buffer preceding the work 
station. One green indicator light is located near the 
top center of each work station. This green light 
indicates that a workpiece is ~eady to be operated upon. 
Two buzzers are located in the upper right corner of each 
work station. The buzzers emit tones of different 
frequencies and are used as stimulus for the operator. 
Two mushroom headed push button switches are located on 
the desk top area of each work station. The push buttons 
are used by the operator to indicate the beginning of 
either loading or unloading the workpiece. 
The work station desk top and panel face are angled 15 
degrees from horizontal and vertical plans respectively. 
Such angled surfaces have been found to be more 
comfortable and better for the posture of operators. 
Work station colors are selected according to standard 
ergonometric practices. In general, colors of controls 
and indicators cont.rast highly with the background. Also, 
colors are used . to benefit from their psychological 
influence. An example of gaining psychological advantage 
is using a green indicator light to coo~and the operator 
to begin his operation. Traditionally green is associated 
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with the word "go" as with traffic signals and therefore 
will be reacted upon quickly by the operator. 
Each of the five stations requires • unique features to 
perform operations of different degrees of machine 
control. The work stations are designed to represent the 
following degrees of machine control: 
- manual work station (pick and place) 
manual work station (two-handed alignment) 
machine controlled work station 
- semi-automatic work station 
automatic work station 
4.2.1 Manual Pick And Place Station (station one) 
The manual pick and place station represents a simple pick 
and place type operation utilizing two-position switches. 
Having the operator set the switches in a predefined order 
mimics the hand motions of an actual operation. 
Four two-position switches have been added to the normal 
work area of the standard work station shell. Figure 
two shows the final design for work station number one. 
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Figure Two - The Manual Pick and Place Station 
4.2.2 Manual Two-Handed Alignment Station (station two) 
The manual two-handed alignment station • 1 S a classic 
example of a manual operation. Because of the accuracy 
required to align two mating parts, 
difficult to assist mechanically. 
The operation requires an operator 
the operation 
to connect 
• lS 
a 
multi-pronged plug that can be assembled in only one 
orientation. The plug is added to the operator's normal 
work area for this work station. Figure three shows the 
final design of·work station number two. 
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Figure Three - The Two-Handed Alignment Station 
4.2.3 Machine Controlled Station (station three) 
The machine controlled station • lS represented by an 
adjustment operation where the operator adjusts a volt 
meter needle to a specific value. The volt meter is t·ied 
through the control computer to a potentiometer. The 
indirect relationship between the volt meter and 
potentiometer allows software to be written that will vary 
the volt meter's response to potentiometer rotation. This 
operation is representative of an operation that is under 
control of both an operator and a machine. 
A volt meter and potentiometer are added to the standard 
shell to complete this station. The volt meter is added 
to the lower range of the viewing area for this operation. 
ss 
The potentiometer is added to the normal work area. 
Following the practice of ergonometric design laid out by 
Mc Co rmi ck, the potentiometer • 19 located on a line 25 
degrees from the center of the normal work area. Digital 
to analog and analog to digital ports must be added to the 
control computer because volt meters and potentiometers 
are analog devices. Figure four shows the final design 
for work station number three . 
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... Figure Four - The Machine Controlled Station 
4.2.4 Semi-Automatic Station (station four) 
The semi-automatic station requires the operator to set 
certain parameters and start the process. Several 
indicator lights display phases of machine operation. 
Operator~settable parameters are required to change 
S6 
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phases. Machine operation will be simulated with 
application software routines. 
Three additional indicator lights and a ten key keypad are 
added to the standard work station shell. The additional 
lights are located along the operator's direct line of 
sight. The keypad is located in the normal work area. As 
with the machine controlled station, the keypad is located 
along a line 25 degrees from the center of the normal work 
area. Figure five shows the final design f·or work station 
number four . 
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Figure Five - Semi-Automatic Station 
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4.2.S Automatic Station (station five) 
The automatic station represents an operation that loads, 
starts, processes and unloads automatically. This station 
is simulated entirely using application software routines. 
4.3 Simulator Op~\rating Scenario 
No rma 1 s y s t em operation assumes as ync h'r onous part 
movement. The system is designed with an area of buffer 
storage between each of the five work stations. The 
workpiece enters the system when it is placed in the 
buffer preceding the manual pick and place work station. 
The workpiece is processed by the w9.rk station, data are 
gathered on work station parameters and the workpiece 
• 1 S 
passed to the buffer preceding the next work station. The 
workpiece continues in this fashion until it leaves the 
last station. Upon leaving the last station, statistics 
are gathered on certain workpiece parameters. 
Processes that are standard for all physical work stations 
are buffering, loading and unloading the workpiece. When 
a workpiece enters the buffer which precedes a work 
station, the red indicator light located to the extreme 
right is lit. As workpieces are queued in the buffer the 
remaining red indicator lights are lit from right to left 
(see figures 2 thru S). 
S8 
Parts are loaded into the work station by pushing the 
black headed mushroom switch located on the operator's 
right. At this time, the red indicator light on the 
extreme right turns off, buffer statistics are calculated 
for the workpiece, a load 
• t 1me • 1 S generated for the 
workpiece and a delay occurs. When the workpiece load 
delay times out, the green indicator light 
• 1 S 1 it 
indicating that the operator is to begin the operation and 
the red indicator light on the extreme right is lit if a 
part is waiting in the buffer. 
). 
When the operator completes the operation the black 
mushroom head switch located to the left is depressed. 
Once the switch is depressed, an unload time is generated 
and a delay occurs. When the unload delay times out, the 
part is placed in the next buffer and the green light 
turns off. If the next buffer is full, the work station 
is considered blocked and the green light remains on. As 
soon as the buffer is free, the green light turns off, 
Processing at the manual pick and place station proceeds 
as follows. When the green light is on the operator is 
required to change the position of the four two-position 
switches. The order of switch change 
• 1 S important. 
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Switch 1 has to change state before switch 3 and switch 2 
must change before switch 4. 'When the operation is 
complete the operator unloads the part by depressin·g the 
black mushroom head pushbutton switch located to the left. 
Any procedural error will be brought to the operator's 
attention by a long tone emanating from the audible 
device. 
Processing at the manual two-handed alignment station 
proceeds as follows. \Vb.en the green light is on the 
operator must pick up the plug and insert one end into the 
other. 'When the plug makes contact, a short tone will 
emanate from the audible device. Before the workpiece can 
be released, the plug must be decoupled. Any procedural 
errors will be brought to the operator's attention by a 
long tone emanating from the audible device. 
Processing at the machine controlled station will proceed 
as follows. 'When the green light is on the operator is 
require·d to turn the potentiometer dial until the volt 
meter needle reaches a specific value. 'When the operation 
is complete a short tone will be heard from the audible 
device. Before the workpiece can be unloaded, the 
potentiometer must be returned to the zero position. Any 
procedural error will be brought to the operator's 
attention by a long tone emanating from the audible 
device. 
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Processing at the semi-automatic station proceeds as 
follows. 'When the green light is on the operator is 
required to punch a number on the keypad. If the number 
is correct, the white indicator will light and a delay is 
encountered. The delay will end when the white light 
turns off and the amber light turns on. At this time the 
operator is required to enter a second code. If the 
correct code is entered, the blue indicator turns on and a 
delay is encountered. The operation is complete when the 
blue indicator light turns off. Any procedural error will 
be brought to the operator's attention by a long tone 
emanating from the audible device. 
Processing at the automatic work station wi 11 be 
transparent to all operators. The automatic work station 
will generate processing times upon the arrival of 
workpieces. 
4.4 Software Design 
The heart of the simulator • lS the software that 
coordinates work station interaction. The f o 11 owi n g 
software design simulates asynchronous workpiece movement, 
controls work station 
• processing, and collects data on 
work stations and workpieces. 
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The software has been structured into several functional 
tasks. The division of ·functions is such that any work 
station can operate by itself by being coupled with a 
generate workpiece and terminate workpiece function, and 
can be coupled in any order to rearrange stations with 
respect to one another. Parameters can be set in the 
controlling function that will dictate whether the syst.em 
operates synchronously, asynchronously, or as individual 
work stations. Figure six shows the task deco~position 
for simulator software. 
4. 4. 1 Cou•oon Software Tasks 
The software task decomposition indicates that although 
each major task • 1 S unique, there are subtasks that are 
identical. Tasks that are identical for all stations are 
the: 
add workpiece to buffer task 
remove workpiece from buffer task 
a 
set operator stimulus task 
accumulate statistics 
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Figure Six - Simulator s·oftware Structure 
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When a workpiece is ready to be added to the next buffer, 
the number of pieces in the buffer is evaluated. If the 
buffer is full, the sending task cannot put the workpiece 
in the buf·f"er and the work station is considered blocked. 
When the task is blocked, the number of block occurrences 
is incremented and block time is accumulated for both the 
work station and the workpiece. When the buffer becomes 
available, the sending task increments the number of 
pieces in the buffer. Upon entering the buffer, the 
workpiece accumulates buffer time and block time 
calculations are performed. 
The remove workpiece from buffer task is also connoon to 
all work stations. 'When a work station requires a 
work pi e c e the . r emo v e work p i e c e t ask -1 o o ks in the buffer 
for an available workpiece. If there is no workpiece 
available, the work station is considered to be starved 
and starve time and number of starve occurrences are 
c o 1 1 e .c t e d • If a workpiece is avai'lable, the remove 
workpiece task performs starve time calculations, 
decrements the number in the buffer, accumulates buffer 
statistics and sends the workpiece to the work station 
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operating task. Buffer statistics include: 
- the total time that the workpiece has spent in the 
buffer 
the average number in the buffer 
the average time that a workpiece spends in the buffer 
-
the standard deviation of averages 
The operator stimulus is a green indicator light and 
• 1 S 
set according to the following procedure for all work 
stations. When the part is removed from the buffer, a 
load delay occurs. The load delay time is calculated 
randomly. After the delay, the green indicator light 
set and the system clock time is recorded. 
• lS 
I n g en e r a 1 , the a c c umu 1 a t i on o f. s t a t i s t i c s i s the s ame f o r 
all work stations. Differences occur only in calculating 
operation time because each work station has different 
operations. ca·lculations are performed, normally in a 
monitor type subtask, to determine the elemental operation 
times , total operation time, machine downtime, load time 
and unload time. 
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The accumulate statistics sub
task will calculate: 
the total time at the station
 
the minimum elemental operati
on time 
-
the maximum elemental operati
on time 
-
the average elemental operati
on time 
,,,,, '. " ' 
the minimum total operation t
ime 
-
the maximum total operation t
ime 
the average total operation t
ime 
the standard deviation of the 
average times 
the total number of workpieces
 to pass through the the 
work station 
-
-
the average downtime 
the average load time 
the average unload time 
the average _total time the w
orkpiece spends at 
work station 
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the 
the standard deviation of the total time at the 
station. 
4.4.2 Unique Software Tasks 
Each of the major tasks • are unique except for the 
previously mentioned co1r111on subtasks. 
will be defined below. 
The major tasks 
4.4.2.1 Controlling Task 
The controlling task coordinates operation of the 
subtasks. This task provides a friendly operator 
interface to set up the system and allows the operator to 
exit the simulation. 
4.4.2.2 Generate 'Workpiece Task 
The _generation task • lS the starting point for every 
workpiece. This task creates workpieces at fixed 
intervals and initializes variables that are associated 
with the workpiece while it is in the system. The task 
ends by placing the newly created workpiece into the 
buffer of station number one. The major subtasks of the 
generate workpiece task ~re: 
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1. assign workpiece attributes 
2. increment counters 
3. put workpiece in buffer 
4.4.2.2.1 Assign W'orkpiece Attributes 
Workpiece attributes are variables assigned to workpieces 
to measure system performance. Each workpiece has unique 
values for its attributes. VJhen workpieces leave the 
system • via the termination task, their attributes are 
statistically analyzed. The results are then used to 
evaluate the system. 
workpiece are: 
The attributes assigned to each 
time entering the system 
time entering buffer 
number of times waiting in buffer 
number of times in blocked work station 
accumulated time in buffers 
accumulated time in blocked stations 
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4.4.2.2.2 Increment System Counters 
The generation of each workpiece requires that the system 
counters be incremented by one. Presently, only the 
following counter is affected: 
number of workpieces in the system 
4.4.2.2.3 Put Workpiece In Buffer 
The add workpiece to buffer routine is con111on to all tasks 
as discussed above. 
4.4.2.3 Manual Pick And Place Task 
The manual pick and place station software controls lights 
and switche.s to simulate a· pick and place ope·ration. 
Station performance is maintained and data are collected 
in order to analyze the work station. The manual pick and 
place station is divided into the following subtasks: 
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1. remove workpiece from buffer 
2. set operator stimulus \ 
\ 
3. monitor operation 
4. put workpiece in buffer 
5. accumulate statistics 
4.4.2.3.1 Remove \Vorkpiece From Buffer 
The remove workpiece from buffer routine is co111non to all 
work stations as discussed above. 
4.4.2.3.2 Set Operator Stimulus 
The set operator stimulus routine is coo,oon to all work 
stations as discussed above. 
4.4.2.3.3 Monitor Operation 
Monitoring the operation includes turning on indicator 
lights, waiting for switch closures and recording 
operation times. 'When the task is complete the workpiece 
is placed in the next buffer. Specifically, this task 
requires: 
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- waiting for switches 1, 2, 3, and 4 
to change state. 
The switches must change following the
se constraints: 
switch one must change before switch fo
ur 
switch two must change before switch th
ree 
- recording elemental operation times.
 There are three 
elements to the manual pick and place s
tation. 
Element One - The time from the gree
n indicator 
light turning on to the first switch c
hange. 
Element Two - The time from the f
irst switch 
change to the last switch change. 
Element Three - The time from the 
last switch 
change to the time that the releas
e pushbutton 
switch changes state. 
coordinate audible 
the audible produces a short 2 second 
tone when 
the operation is completed proper
ly and the 
release pushbutton changes state. 
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4.4.2.3.4 Put \Vorkpiece In Buffer 
The put workpiece in buffer routine is co111non to all tasks 
as discussed previously 
4.4.2.3.S Accumulate Statistics 
The accumulate statistics subtask is coo•non to all work 
stations as discussed in section 4.4.1. The operations 
for this work station are defined in the monitor subtask. 
4.4.2.4 Machine Controlled Task 
The machine controlled task software monitors and controls 
the machine controlled work station. The machine 
controlled task consists of the following subtasks: 
1. remove workpiece from buffer 
2. set operator stimulus 
r,-.5=,~. ·;), 
3. monitor and control work station 
4. put workpiece in next buffer 
S • a c c umu, 1 a t e s t a t i s t i c s 
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4.4.2.4.1 Remove 'Workpiece From Buffer 
The remove workpiece from buffer routine is conmon to all 
work stations as discussed above. 
4.4.2.4.2 Set Operator Stimulus 
The s e t ope r a t o r s t imu 1 us r out i n e i s c onmo n t o a 11 wo r k 
stations as discussed above. 
4.4.2.4.3 Monitor And Control Station 
The monitor and control subtask is responsible for reading 
the voltage input from the potentiometer, altering the 
voltage value according to a predefined algorithm, and 
regulating the output voltage to the volt meter. When the 
output voltage is constant for 5 seconds, this subtask 
sounds a short audible. Upon hearing the audible, the 
operator pushes the release pushbutton switch. In 
addition to the control features, this subtask monitors 
the process to measure the following times: 
Manua 1 time 
-
time to react to visual stimulus the elapsed 
time from when the green indicator light turn,s on 
until the potentiometer moves from zero. 
73 I 
,; 
I 
time for the operator to adjust meter to the 
designated value - the elapsed time from w
hen the 
potentiometer moves from zero until the vo
ltmeter 
stays at 7 volts for S seconds. 
- time to respond to audible stimulus - the
 elapsed 
time from when the audible sounds unt
il the 
release pushbutton changes state. 
Machine time 
machine down time because this operatio
n 
involves a machine, 
downtime occurrences 
the subtask must generate 
and durations when a 
workpiece enters the station. 
4.4.2.4.4 Put 'Workpiece In Buffer 
The put workpiece in buffer task is con1non 
to all tasks as 
discussed previously. 
4.4.2.4.S Accumulate Statistics 
The a cc um.u 1 ate statistics subtask is c oo•non
 to a 11 tasks 
as discussed previously. The operation is
 defined above 
in the monitor operation subtask description
. 
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4.4.2.S Semi-automatic Task 
The semi-automatic task consists of both manual and 
machine dependent work elements. The two element types 
are separated by including unique software modules. The 
monitor operation and simulate machine operation subtasks 
are unique to this work station and separate manual and 
machine work elements. The s emi - au t oma t i c task • 1 S 
combined of the following subtasks: 
1. remove part from buffer 
2. set operator stimulus 
3. monitor operation 
4. simulate machine operation 
5. put workpiece in buffer 
6. accumulate statistics 
4.4.2.5.1 Remove Workpiece From Buffer 
The remove workpiece from buffer routine is con1111on to all 
work stations as discussed above. 
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4.4.2.S.2 Set Operator Stimulus 
The set operator stimulus routine is conmon to all work 
stations as discussed above. 
4.4.2.5.3 Monitor Operation 
-..... . 
The monitor operation subtask 
monitors operator 
performance. It measures the time that the operator 
'" re.quires to perform the task. The following work elements 
are recorded: 
time to respond to visual stimulus - time from when 
the green light is on until the first switch on the 
keypad changes state. C 
time to key in cycle code - time from the first key 
switch change to the last key switch change. There 
will be three different codes, 
different work element times. 
4.4.2.S.4 Simulate Machine Operation 
therefore three 
The nature of the simulator requires that machine activity 
be simulated using application software routines. For the 
semi-automatic station, machine simulation 
involves 
generating machine down occurrences and an associated 
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duration. Also, the machine will perform several cyc
les 
of different but fixed durations. At the end of e
ach 
cycle, the machine simulator software lights indica
tor 
lights that identify the end of each cycle. 
The simulate machine operation subtask generate
s and 
records the following information: 
- machine cycle time 
- machine downtime 
- machine repair time 
4.4.2.5.5 Put 'Workpiece In Buffer 
The put workpiece in buffer subtask is corx111on to all w
ork 
stations as described previously. 
4.4.2.5.6 Accumulate Statistics 
The accumulate statistics subtask is con1oon to all w
ork 
stations as described in section 4.4.1. Each typed c
ode 
is an element of the entire operation which consists
 of 
typing all the codes. 
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4.4.2.6 Automatic Task 
The automatic task software will simulate the operation of 
a totally automatic machine. The automatic task consists 
of the following subtasks: 
1. remove workpiece from buffer 
2. simulate machine operation 
3. put workpiece in buffer 
4. accumulate workpiece statistics 
4.4.2.6.1 Remove Workpiece From Buffer 
The remove workpiece from buffer routine is connnon to all 
work stations as discussed above. 
4.4.2.6.2 ,,;.Simulate Machine Operatipn 
The heart of the automatic station is a machine simulator 
which will generate parameters of machine performance and 
delay for the appropriate amount of time. The parameters 
generated are: 
78 
machine cycle time 
machine downtime occurrence 
machine downtime duration 
4.4.2.6.3 Put Workpiece In Buffer 
The put workpiece in buffer routine is co1x1,aon to all work 
stations as discussed above. 
4.4.2.6.4 Accumulate Station Statistics 
Statistics will be collected on the variables discussed 
previously in the cor,uiion software task section. The 
operation time for the automatic station is the generated 
cycle time and represents only machine time. 
4.4.2.7 Two-Handed Alignment Task 
Two-handed alignment task software controls a· totally 
manual operation. The operation requires the operator to 
plug together and take apart a multi-pronged plug. The 
entire two-handed alignment task consists of the following 
subtasks: 
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1. remove workpiece from buffer 
2. set operator stimulus 
3. monitor operation 
4. put workpiece in buffer 
5. accumulate station statistics 
4.4.2.7.1 Remove Workpiece From Buffer 
The remove workpiece from buffer routine is cooaoon to all 
work stations as discussed above. 
4.4.2.7.2 Set Operator Stimulus 
The set operator stimulus routine is cou,non to all work 
stations as discussed above. 
4.4.2.7.3 Monitor Operation 
The monitor operation subtask • 1 S responsible for 
monitoring the opening and closing of switches as well as 
turning on and off response stimulus to the operator. 
This subtask records elemental operation times for each 
workpiece. When the operation is complete, the workpiece 
is placed in the buffer. Specifically, the manual work 
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elements include: 
reaction time from operator stimulus to 
pushbutton one 
setting 
time from pushbutton one to aligning and inserting the 
plug 
- time from disconnecting the plug until pushbutton two 
is set. 
The monitor operation subtask lights a white indicator 
light while the multi-pronged plug is making contact. 
4.4.2.7.4 Put "Workpiece In Buffer 
The put workpiece in buffer task is con111on to all work 
stations as discussed above. 
4.4.2.7.5 Accumulate Station Statistics 
Statistics will be collected on the variables discussed 
previously in the cooaoon software task section. 
The station cycle time consists of only manual work times. 
The three elements making up the operation have been 
discussed previously. Statistics will be calculated on 
the performance of each element as well as the entire 
operation. 
81 
4.4.2.8 Termination Task 
As the workpieces leave the system they pass through a 
termination task. The termination task records statistics 
on workpiece and system characteristics, then deletes all 
irrelevant information related to the workpiece and 
system. The termination task consists of the following 
subtasks: 
1. remove workpiece from buffer 
2. collect workpiece statistics 
3. terminate the workpiece 
4.4.2.8.1 Remove Workpiece From Buffer 
The remove workpiece from buffer task • lS c ona11on to all 
wo r k s t. a t i o n s a s d i s c u s s e d a b o v e . 
4.4.2.8.2 Collect Workpiece Statistics 
The termination task calculates the following it·ems: 
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- total time the workpiece spent in the system 
total number of workpieces that have passed through 
the system 
the number of workpieces presently in the system 
the elapsed time of the entire simulation 
4.4.2.8.3 Terminate The Workpiece 
Terminating the workpiece involves deleting all data 
associated with the workpiece except that required for 
statistical and logging purposes. 
4.4.2.9 Write Report Task 
The write report task is responsible for organizing all 
statistics generated in previous modules into report 
formats. Unlike the other modules, the report writing 
module is encountered only once during an experimental 
exercise. The report writing task consists of the select 
appropriate report format and print report subtasks which 
allow the person running the experiment to select and 
print the information to be reported. 
83 
S.O CONCLUSIONS 
Complex man-machine work systems are characterized
 as an 
interaction among man-machine work systems. The
 most 
basic man-machine work systems are work stations
. Work 
stations are characterized by humans interacti
ng with 
equipment 
outputs. 
to transform 
Work stations 
certain 
interact 
• inputs into desired 
with one another in 
complex man-machine work systems to transform
 inputs, 
which may be outputs of previous work statio
ns, into 
desired outputs. Complex man-machine work system
s range 
in scope from traditional manufacturing facil
ities to 
highly automated manufacturing flow lines. 
In looking at the entire scope of complex ma
n-machine 
systems, a progression can be seen from totally
 manual 
systems to totally automatic systems. Although 
this was 
not pursued further, t he r e s e ems· t o b e a n i d e n t
 i f i a b 1 e 
evolution from one stage of automaticity to the n
ext. In 
order to identify the 
• progression, a thorough 
understanding of the stages of evolution must be o
btained. 
Historically, understanding the behavior of 
complex 
man-machine work systems has been hindered
 by the 
complexity required to accurately analyze such 
systems. 
Traditional methods of analysis, mathematics, sim
ulation, 
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and experimentation, either do not provide the accuracy 
required to understand entire systems or are accurate only 
for their specific application. All methods of analysis 
are difficult to apply. 
Utilizing concepts that already exist for analyzing 
complex man-machine work systems, the flow line simulator 
has been designed to combine analysis techniques in order 
to better understand the behavior of complex systems. The 
simulator makes use of mathematical, simulation and 
experimental analysis techniques to control and monitor a 
simulated flow line." It is projected that the simulator 
will prove to be a useful tool with which to test methods 
of analyzing complex man-machine work systems as well as 
individual work stations. 
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7.0 AREAS FOR FUTURE STUDY 
The simulator provides a flexible tool to explore many 
areas of experimentation. The following list • 1 S 
intended to stimulate ideas for future study. 
1. Simulator stations can be used individually to 
monitor manual motion times . Statistical 
distributions of motion times can be determined for 
use in other computer simulations. 
2. Instructional guidelines can be developed to use the 
simulator as an instructional tool. The simulator 
can be used to develop skills in several different 
areas. Software development skills can be improved 
by enhancing the computer control portion of the 
simulator. Traditional Industrial Engineering 
skills can be developed by working with the physical 
work stations of the cell. 
3. Various experiments can be performed to identify 
types of operations that positively or adversely 
affect flow line performance. The addition of 
either mJnual or automatic stations can result in a 
change • 1n 
operations 
system performance . 
to determine accurate 
Researching 
statistical 
distributions for work times may enhance the reality 
of the simulation. 
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4. The concept of evolutionary progression can be 
explored to identify the details involved with 
progressing from one stage of automaticity to the 
next. 
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